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Transistor and Component 
Models at Low and High 
Frequencies 



1.1 Introduction 

Equivalent circuit device models are critical for the accurate design and modelling 
of RF components including transistors, diodes, resistors, capacitors and inductors. 
This chapter will begin with the bipolar transistor starting with the basic T and then 
the 71 model at low frequencies and then show how this can be extended for use at 
high frequencies. These models should be as simple as possible to enable a clear 
understanding of the operation of the circuit and allow easy analysis. They should 
then be extendible to include the parasitic components to enable accurate 
optimisation. Note that knowledge of both the T and 71 models enables regular 
switching between them for easier circuit manipulation. It also offers improved 
insight. 

As an example S 21 for a bipolar transistor, with an f T of 5 GHz, will be calculated 
and compared with the data sheet values at quiescent currents of 1 and 10mA. The 
effect of incorporating additional components such as the base spreading resistance 
and the emitter contact resistance will be shown demonstrating accuracies of a few 
per cent. 

The harmonic and third order intermodulation distortion will then be derived 
for common emitter and differential amplifiers showing the removal of even order 
terms during differential operation. 

The chapter will then describe FETs, diode detectors, varactor diodes and 
passive components illustrating the effects of parisitics in chip components. 
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It should be noted that this chapter will use certain parameter definitions which 
will be explained as we progress. The full definitions will be shown in Chapter 2. 
Techniques for equivalent circuit component extraction are also included in 
Chapter 2. 



1.2 Transistor Models at Low Frequencies 



1.2.1 ‘T’ Model 

Considerable insight can be gained by starting with the simplest T model as it most 
closely resembles the actual device as shown in Figure 1.1. Starting from a basic 
NPN transistor structure with a narrow base region, Figure 1.1a, the first step is to 
go to the model where the base emitter junction is replaced with a forward biased 
diode. 

The emitter current is set by the base emitter junction voltage The base 
collector junction current source is effectively in parallel with a reverse biased 
diode and this diode is therefore ignored for this simple model. Due to the thin 
base region, the collector current tracks the emitter current, differing only by the 
base current, where it will be assumed that the current gain, /?, remains effectively 
constant. 



C 



o 











N 


P 


5 


N 









6 



E 

(a) 




Figure 1.1 Low frequency ‘T’ model for a bipolar transistor 



Note that considerable insight into the large signal behaviour of bipolar 
transistors can be obtained from the simple non-linear model in Figure 1.1b. This 
will be used later to demonstrate the harmonic and third order intermodulation 
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distortion in a common emitter and differential amplifier. Here, however, we will 
concentrate on the low frequency small signal AC T’ model which takes into 
account the DC bias current, which is shown in Figure 1.1c. Here r is the AC 
resistance of the forward biased base emitter junction. 

The transistor is therefore modelled by an emitter resistor r and a controlled 
current source. If a base current, i b , is applied to the base of the device a collector 
current of (5i b flows through the collector current source. The emitter current, I E , is 
therefore (1 +fi)i b . The AC resistance of r is obtained from the differential of the 
diode equation. The diode equation is: 



I E ES 



exp 



kT 



( 1 . 1 ) 



where I ES is the emitter saturation current which is typically around 10 13 , e is the 
charge on the electron, V is the base emitter voltage, V be , k is Boltzmann’s constant 
and T is the temperature in Kelvin. Some authors define the emitter current, I E , as 
the collector current I c . This just depends on the approximation applied to the 
original model and makes very little difference to the calculations. Throughout this 
book equation (1) will be used to define the emitter current. 

Note that the minus one in equation (1.1) can be ignored as I ES is so small. The 
AC admittance of r is therefore: 
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Therefore: 

dl _ e i 
~dV ~ ~kT 



( 1 . 2 ) 



( 1 . 3 ) 



The AC impedance is therefore: 

dV__ET_ l 
~dl ~ — 1 



( 1 . 4 ) 



As k = 1.38 X 10' 23 , T is room temperature (around 20°C) = 293K and e is 
1.6 X 10 19 then: 
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dV ~ 25 

dl I mA 



(1.5) 



This means that the AC resistance of r is inversely proportional to the emitter 
current. This is a very useful formula and should therefore be committed to 
memory. The value of r for some typical values of currents is therefore: 

1mA ~ 2511 
10mA « 2.5CL 
25mA ~ 1^ 

It would now be useful to calculate the voltage gain and the input impedance of the 
transistor at low frequencies and then introduce the more common 7t model. If we 
take a common emitter amplifier as shown in Figure 1.2 then the input voltage 
across the base emitter is: 




( 1 . 6 ) 
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Figure 1.2 A common emitter amplifier 



The input impedance is therefore: 
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z = Ik = hb + PVe = ( 1 + py = ( 1 + p)^_ 






lu 



1 mA 



The forward transconductance, g m , is: 
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(1.7) 



( 1 . 8 ) 



(1.9) 



( 1 . 10 ) 



Note that the negative sign is due to the signal inversion. 

Thus the voltage gain increases with current and is therefore equal to the ratio 
of load impedance to r . Note also that the input impedance increases with current 
gain and decreases with increasing current. 

In common emitter amplifiers, an external emitter resistor, R e , is often added to 
apply negative feedback. The voltage gain would then become: 

V R 

out L till! 

r e +R e 



Note also that part or all of this external emitter resistor is often decoupled and this 
part would then not affect the AC gain but allows the biasing voltage and current 
to be set more accurately. For the higher RF/microwave frequencies it is often 
preferable to ground the emitter directly and this is discussed at the end of Chapter 
3 under DC biasing. 
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1.2.2 The n Transistor Model 

The ‘T’ model can now be transformed to the 7t model as shown in Figure 1.3. In 
the 71 model, which is a fully equivalent and therefore interchangeable circuit, the 
input impedance is now shown as (j6+l)r and the output current source remains 
the same. Another format for the n model could represent the current source as a 
voltage controlled current source of value gV v The input resistance is often called 
riz. 




Figure 1.3 T to 7t model transformation 



At this point the base spreading resistance r bb , should be included as this 
incorporates the resistance of the long thin base region. This typically ranges from 
around 10 to 100£2 for low power discrete devices. The node interconnecting rn 
and r bb , is called b\ 



1.3 Models at High Frequencies 

As the frequency of operation increases the model should include the reactances of 
both the internal device and the package as well as including charge storage and 
transit time effects. Over the RF range these aspects can be modelled effectively 
using resistors, capacitors and inductors. The hybrid 7t transistor model was 
therefore developed as shown in Figure 1.4. The forward biased base emitter 
junction and the reverse biased collector base junction both have capacitances and 
these are added to the model. The major components here are therefore the input 
capacitance C h , e or C K and the feedback capacitance C b , c or C^. Both sets of symbols 
are used as both appear in data sheets and books. 
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A more complete model including the package characteristics is shown in 
Figure 1.5. The typical package model parameters for a SOT 143 package is shown 
in Figure 1.6. It is, however, rather difficult to analyse the full model shown in 
Figures 1.5 and 1.6 although these types of model are very useful for computer 
aided optimisation. 




Figure 1.5 Hybrid 7t model including package components 
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SOT 143 



D Q 

n q 



1.4 mm 



2.5 mm 




Figure 1.6. Typical model for the SOT143 package. Obtained from the SPICE model for a 
BFG505. Data in Philips RF Wideband Transistors CD, Product Selection 2000 Discrete 

Semiconductors. 

We should therefore revert to the model for the internal active device for 
analysis, as shown in Figure 1.4, and introduce some figures of merit for the device 
such as and f r It will be shown that these figures of merit offer significant 
information but ignore other aspects. It is actually rather difficult to find single 
figures of merit which accurately quantify performance and therefore many are 
used in RF and microwave design work. However, it will be shown later how the S 
parameters can be obtained from knowledge of f r 

It is worth calculating the short circuit current gain h 2l for this model shown in 
Figure 1.4. The full definitions for the h , y and S parameters are given in Chapter 
2. h 2l is the ratio of the current flowing out of port 2 into a short circuit load to the 
input current into port 1 . 

h 2l - ft (1.12) 

lb 



The proportion of base current, i b , flowing into the base resistance, r b , e , is therefore: 





Transistor and Component Models at Low and High Frequencies 



9 




1 



rb'e 



(1.13) 



where the input and feedback capacitors add in parallel to produce C and the r b , e 
becomes R. The collector current is I c = P i rb , e , where we assume that the current 
through the feedback capacitor can be neglected as I cb , c « j5i rb , e . Therefore: 



Note that /? and h fe are both symbols used to describe the low frequency current 
gain. 

A plot of h 2l versus frequency is shown in Figure 1.7. Here it can be seen that 
the gain is constant and then rolls off at 6dB per octave. The transition frequency f T 
occurs when the modulus of the short circuit current gain is 1 . Also shown on the 
graph, is a trace of h 2l that would be measured in a typical device. This change in 
response is caused by the other parasitic elements in the device and package. f T is 
therefore obtained by measuring h 2l at a frequency of around // 10 and then 
extrapolating the curve to the unity gain point. The frequency from which this 
extrapolation occurs is usually given in data sheets. 




SCR + 1 SCR + 1 



(1.14) 



A 




measurement 



Figure 1.7 Plot of h 2l vs frequency 
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The 3 dB point occurs when coCR = 1 . Therefore: 



1 



CR= 



1 



^ 2nCR 2 nf p 

and h 2l can also be expressed as: 



h 2 \ " 



7* 



1 + j 



/ 



fa 



As f T is defined as the point at which \hi\\ = 1 , then: 



(1.15) 



(1.16) 
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' h_ v 

UJ 



fo) 2 -l 



As: 

(O 2 »! 



(1.17) 



(1.18) 



(1.19) 



( 1 . 20 ) 



/r = V4 = 



h 



fe 



2kCR 



(l.2l) 
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Note also that: 



fa = 




As: 



^21 — 



l fe 



1+7 



; / 



ft 



( 1 . 22 ) 



(1.16) 



it can also be expressed in terms of f T : 

h f 



^21 — 



V fe 



1+7 



v/ 

fr 



(1.23) 



Take a typical example of a modern RF transistor with the following parameters: 
f T = 5 GHz and h fe =100. The 3dB point for h 2X when placed directly in a common 
emitter circuit is fp = 50MHz. 

Further information can also be gained from knowledge of the operating 
current. For example, in many devices, the maximum value of f T occurs at currents 
of around 10mA. For these devices (still assuming the sam e/ r and h fe ) r = 2.5 Q, 
therefore r b , e ~ 250fl and hence C T ~ lOpF with the feedback component of this 
being around 0.5 to lpF. 

For lower current devices operating at 1mA (typical for the BFT25) r is now 
around 25 Q, r b , e around 2,500£2 and therefore C T is a few pF with C b , e « 0.2pF. 

Note, in fact, that these calculations for C T are actually almost independent of 
h fe and only dependent on 7 C , r or g m as the calculations can be done in a different 
way. For example: 

CR = \/2nf fj = h fe ]27zf T (1.24) 



Therefore: 
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C = r 1— ~ = U-ZDj 

2 ^; 

Many of the parameters of a modern device can therefore be deduced just from f T , 
h fe , / and the feedback capacitance with the use of these fairly simple models. 



1.3.1 Miller Effect 

f T is a commonly used figure of merit and is quoted in most data sheets. It is now 
worth discussing f T in detail to find out what other information is available. 

1. What does it hide? Any output components as there is a short 

circuit on the output. 

2. What does it ignore? The effects of the load impedance and in 

particular the Miller effect. (It does include 
the effect of the feedback capacitor but only 
into a short circuit load.) 

It is important therefore to investigate the effect of the feedback capacitor when a 
load resistance R L is placed at the output. Initially we will introduce a further 
simple model. 

If we take the simple model shown in Figure 1.8, which consists of an inverting 
voltage amplifier with a capacitive feedback network, then this can be identically 
modelled as a voltage amplifier with a larger input capacitor as shown in Figure 
1.8b. The effect on the output can be ignored, in this case, because the amplifier 
has zero output impedance. 




Figure 1.8a Amplifier with feedback C Figure 1.8.b Amplifier with increased input C 



This is most easily understood by calculating the voltage across the capacitor 
and hence the current flowing into it. The voltage across the feedback capacitor is: 
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v =(v -V ) 

r c V in v out J 



(1.26) 



If the voltage gain of the amplifier is -G then the voltage across the capacitor is 
therefore: 

V C =(V,.+GV„) = V„(1 + G) (1.27) 



The current through the capacitor, / , is therefore I c = VJcoC. The change in input 
admittance caused by this capacitor is therefore: 



A. 

v* 



VJaC 

V m 



Vj\ + G)jcoC 

Vin 



(1 + G)j(oC 



d-28) 



The capacitor in the feedback circuit can therefore be replaced by an input 
capacitor of value (1 + G)C. This is most easily illustrated with an example. 
Suppose a IV sinewave was applied to the input of an amplifier with an inverting 
gain of 5. The output voltage would swing to -5V when the input was +1V 
therefore producing 6V (1 + G) across the capacitor. The current flowing into the 
capacitor is therefore six times higher than it would be if the same capacitor was 
on the input. The capacitor can therefore be transferred to the input by making it 
six times larger. 



1.3.2 Generalised ‘Miller Effect’ 

Note that it is worth generalising the ‘Miller effect’ by replacing the feedback 
component by an arbitrary impedance Z as shown in Figure 1.8c and then 
investigating the effect of making Z a resistor or inductor. This will also be useful 
when looking at broadband amplifiers in Chapter 3 where the feedback resistor can 
be used to set both the input and output impedance as well as the gain. It is also 
worth investigating the effect of changing the sign of the gain. 




Figure 1.8c Generalised Miller effect 



Figure 1.8d Generalised Miller effect 
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As before: 

V 2 =(1+G)v„ 



As: 




the new input impedance is now: 




lz (1 +G) 



(1.29) 



(1.30) 



(1.31) 



as shown in Figure 1.8d. If Z is now a resistor, R, then the input impedance 
becomes: 



R 

(1 +G) 



(1.32) 



This information will be used later when discussing the design of broadband 
amplifiers. 

If Z is an inductor, L, then the input impedance becomes: 

(1.33) 




As before, if Z was a capacitor then the input impedance becomes: 



~j 

(0C{l+G) 



(1.34) 



If the gain is set to be positive and the feedback impedance is a resistor then the 
input impedance would be: 
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R 

(l-G) 

which produces a negative resistance when G is greater than one. 



1.3.3 Hybrid n Model 



It is now worth applying the Miller effect to the hybrid 71 model where for 
convenience we make the current source voltage dependent as shown in Figure 



1.9. 




Figure 1.9 Hybrid 71 model for calculation of Miller capacitance 



Firstly apply the Miller technique to this model. As before it is necessary to 
calculate the input impedance caused by C b , c . The current flowing into the collector 
load, R l , is: 

I c =8 m V ,+A (1-36) 

where the current through C h , c is: 

/, = (V t ~V 0 )C b . c .j(O (1.37) 

The feedforward current I x through the feedback capacitor C b , c is usually small 
compared to the current g m V 1 and therefore: 






(1.38) 




16 



Fundamentals of RF Circuit Design 



Therefore: 

I l ={V l +g m R L V l )C b , c .j(D (1.39) 

h =yA l+ gm^L^bcJ 03 (!- 40 ) 

The input admittance caused by C b , c is: 

^- = (1 + g m R L )C bc .j(0 (1.41) 

which is equivalent to replacing C b , c with a shunt capacitor in parallel with C b , e to 
produce a total capacitance: 

C T = (l + g m R L )C h . c + C b , e (1.42) 

The model generated using the Miller effect is shown in Figure 1.10. Note that this 
model is an approximation in this case, as it is only effective for calculating the 
forward transmission and the input impedance. It is not useful for calculating the 
output impedance or the reverse transmission or stability. This is only because of 
the approximation used when deriving the output voltage. If the load is zero then 
the current gain would be as derived when h 21 was calculated. 



Rs ib r bb 




Figure 1.10 Hybrid n model incorporating Miller capacitor 



It is now worth calculating the voltage gain for this new model into a load R L to 
observe the break point as this capacitance degrades the frequency response. This 
will then be converted to S parameters using techniques discussed in Chapter 2 on 
two port parameters. The voltage across r b , e , V,, in terms of V. n is therefore: 
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n = 



'b'e 



1 4 " r b'e^~'T 7 ® 



r b'e 



1 4 ~ r b'e^T 7 ® 



+ r M>’ + ^ 



y.„ 



' b'e 



r b'e+(. r bb'+ R s\ l+r b'e C Tj C0 ). 



v f . 



Expanding the denominator: 



v, = 






^ + ^ + + R , Xr b . e C T jco) 



V, 



As: 



a 

b + c 




v; = 






1 + ;ft)C 7 . vw> 



('/,// + ^v>V, 












As: 

Voh; — — 8m R L ^ 1 



(1.43) 



(1.44) 



(1.45) 



(1-46) 



(1-47) 



(1-48) 



the voltage gain is therefore: 
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VL 



■=-(&A) 



r b'e +r bV +R S 



1 + jcoC T v bb 



kiy + R J r iy e 



(1.49) 



r b'e + r bb'+ R s 



Note that: 



1 + jcoCj 



+ R s he 

r b'e+ r bb-+ R S 



1 

1+ j(0C T R 



(1.50) 



where: 



^ _ ( V bb ' + R s ) r b' 



T Ve + r b» + R s 



(1.51) 



This is effectively r bb , in series with R s all in parallel with r b , e which is the effective 
Thevenin equivalent, total source resistance seen by the capacitor. The first two 
brackets of equation (1.49) show the DC voltage gain and the third bracket 
describes the roll-off where: 

C T = (l + 8m R l)Cb'c + C,. e (1.52) 



The numerator of the third bracket produces the 3dB point when the imaginary 
part is equal to one. 



=1 



h'e +r W +R - 



(1.53) 



The full equation is: 

2#jJ(i+^A)Qv + cJ 






b'e 



r Ve+ r bb' +R s 



= 1 



(1-54) 
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Therefore from equation (1.53): 

1 






r b'e + T W + R s 



r b'e +r bb' +R S 



f,d ‘ 2»[C r 

As: 

c T =[(i+g m R L y: t ,+c,,} 



f: 



r b-e+ r bb-+ R s 



3 dB 



2^[( 1 + )C iV + C iV + /? s )r 



Note that using equation (1.51) for R: 

f = i 

1 24(1 + *„R 1 )C t ,+C t .,]R 



(1.55) 

(1.56) 

(1.52) 

(1-57) 

(1.58) 



1.4 5 Parameter Equations 

This equation describing the voltage gain can now be converted to 50H S 
parameters by making R,= R, = 50£2 and calculating S 2I as the value of V out when V in 
is set to 2V. The equation and explanation for this are given in Chapter 2. Equation 
(1.49) therefore becomes: 



S 2 i=2(g m .50) 



r b'e 

r b’e +r W+ 50 



1 + j(oC T v bb 



+ 50 y b 'e 



r b 'e + r bb '+50_ 



(1.59) 
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1.5 Example Calculations of S 21 

It is now worth inserting some typical values, similar to those used when h 2l was 
investigated, to obtain S 21 . Further it will be interesting to note the added effect 
caused by the feedback capacitor. Take two typical examples of modern RF 
transistors both with an f T of 5 GHz where one transistor is designed to operate at 
10mA and the other at 1mA. The calculations will then be compared with theory in 
graphical form. 

1.5.1 Medium Current RF Transistor - 10mA 

Assume that f T = 5GHz, h fe = 100, / =10mA, and the feedback capacitor, C b , c ~ 2pF. 
Therefore r e = 2.5£l and r b , e ^250Cl. Let r w ~ 10,0, for a typical 10mA 

device. The 3dB point for h 2l (short circuit current gain) when placed directly in a 
common emitter circuit is fp =f/h fe . Therefore/^ = 50MHz. 

As: 



CR = 



1 

2 71 f p 



(1.24) 



then CR = 3.18 XlO" 9 

As h 2l is the short circuit current gain C b , c and C b , e are effectively in parallel. 
Therefore: 



C - C b . e + C b , c - 12.6pF 



(1.61) 



As 



C b ,~lpF C v = 12.6 -1 = 11. 6pF 



(1-62) 



However, C T for the measurement of S parameters includes the Miller effect 
because the load impedance is not zero. Thus: 

C T ={ 1 + g m R L )C b . c + C b ,= 



! R L 
1 + — 






(1.63) 
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C T = (1 + 20)1 + 1 1.6 = 32.6pF 

As: 



f _ r b . e +r bb .+ R s 

h ‘“ HCtI^+rX, 



then: 



250 + 10 + 50 

' 3dB ~ 2^[32.6xl0" 12 ](l 0+50)250 



= 101MHz 



The value of .S'. at low frequencies is therefore: 



(1.64) 



(1.65) 



( 1 . 66 ) 



S 2 ,=2(g m K L ) 



r b'e+ r b b '+ 50 



J 2l 



= 2(20)[ 



250 



250 + 10 + 50 



= 32.25 



(1-67) 



( 1 . 68 ) 



A further modification which will give a more accurate answer is to modify r to 
include the dynamic diode resistance as before but now to include an internal 
emitter fixed resistance of around 1£2 which is fairly typical for this type of device. 
This would then make r = 3.5£2 and r,, = 350£1 For the same f T and the same 
feedback capacitance the calculations can be modified to obtain: 



C -C b . e +C b . c - 9pF As C b , c ~\pF and C Ve = 9-1 - 8pF (1.69) 
t b . c + c b , e = (1 + 14.3)1 + 8 = 23.3pF (1.70) 



C T = 



r l x 

1 + — 

r 

v e J 



As: 



f?>dB ~ 



h'e+ r W+ R s 

2tz \C r \r w + R s 



b'e 



(1.65) 
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then: 



f'bdB ~ 



350 + 10 + 50 



In [23.3 E - 12](10 + 50)350 

The low frequency S 2l is therefore: 

S 2l =2.(s„,-50) 



= 133MHz 



r b-e + r W+ 50 



(1.71) 



(1-72) 



S 21 = 2.(l4.3 



350 

350 + 10 + 50 



24.4 



(1.73) 



This produces an even more accurate answer. These values are fairly typical for a 
transistor of this kind, e.g. the BFR92A. This is illustrated in Figure 1.11 where the 
dotted line is the calculation and the discrete points are measured S parameter data. 

Note that the value for the base spreading resistance and the emitter contact 
resistance can be obtained from the SPICE model for the device where the base 
series resistance is RB and the emitter series resistance is RE. 
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Figure 1.11 S 2l for a typical bipolar transistor operating at 10mA 
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1.5.2 Lower Current Device - 1mA 

If we now take a lower current device with the parameters f T = 5GHz, h fe = 100, 
/=lmA, and the feedback capacitor, C b , c ~ 0.2pF, r e —25Cl and r /A ,~ 2500£2. 

Let r bb , ~ 100f2 for a typical 1mA device. The 3dB point for h 2l (short circuit 
current gain) when placed directly in a common emitter circuit is: 




Therefore /jg = 50MHz 

/ =h f ./ R =^^~ 
T 1 1 2 nCR 



Note also that: 



CR = 



1 

2 



( 1 . 22 ) 



( 1 . 21 ) 



(1.74) 



Therefore CR — 3.18x10 9 



As h 2l is the short circuit current gain, C b , c and C b , e are effectively in parallel. 
Therefore: 



C-C b , e + C b , c - 1 .26pF (1.75) 

As C b , c ~ 0.2pF 

C v = 1.26- 0.2 = 1.06pF (1.76) 



However, C T for the measurement of S parameters includes the Miller effect 
because the load impedance is not zero. Therefore: 



C T - (l + g m R L )c b , c + c k 



''b'e ~ 



\ +^-lc»,+c 



b'e 



v 



) 



(1-77) 
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C T ={ 1 + 2)0.2 + 1 .06 = 1 ,66pF 



As: 



f?>dB ~ 



h'e+ r W+ R s 

27t[C T \r w + R s \ h ' e 



then: 



. 2500 + 100 + 50 

ZdB ~ 2n[ .66x1 0 l2 Jl 00+ 50)2500 ” 678MHz 



The low frequency value for S 2l is therefore: 



-S 21 =2t?„.50) 



h'e 



h’e + r bb' + 50 



J 2l 



=2(2^ 



2500 



2500 + 100 + 50 



= 3.77 



(1.78) 



(1.65) 



(1.79) 



(1-72) 



(1.80) 



As before an internal emitter fixed resistance can be incorporated. For these lower 
current smaller devices a figure of around 8 £2 is fairly typical. This would then 
make r = 33£2 and r b , e = 3300£1 For the sam e/ r and the same feedback capacitance 
the calculations can be modified to obtain: 



C -C h , e + C b . c - 0.96pF (1.81) 

As: C ic = 0.2pF 

C Ve = 0.96 - 0.2 = 0.76pF (1.82) 



C T = 



\ R l A 

1 + — 



V 



1 0,'c + C b . e 






(1 + 1.52)0.2 + 0.76 = 1.26pF 



(1.83) 
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As: 



fldB ~ 



r b'e+ r bb'+ R s 



2n\C T \r w + R s )r b , 

then: 



f'idB ~ ' 



3300 + 100 + 50 



27r[l .26x1 (T i2 ](1 00+ 50)3300 

The low frequency .S', is therefore: 



= 880MHz 



S 21 =2(s„.50) 



r b'e 



r b 'e+ r bV+ 50 . 



(1.65) 



d-84) 



S 21 = 2(1.52 



3300 

3300 + 100 + 50 



= 2.91 



(1.85) 



These values are fairly typical for a transistor of this kind operating at 1mA. 
Calculated values for S 2l and measured data points for a typical low current device, 
such as the BFG25A, are shown in Figure 1.12. 
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Figure 1.12 S 2 \ for a typical bipolar transistor operating at 1mA 
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It has therefore been shown that by using a simple set of models a significant 
amount of accurate information can be gained by using f T , h fe , the feedback 
capacitance and the operating current. 

In summary the low frequency value of S 2l is therefore: 



•s 2 , =2 (g m .R L ) 



h; + '»• +50 



2 g„R L » 2 — 

r 



( 1 . 86 ) 



and the 3dB point is: 

r »e+ r W+ R * 



fldB ~ 



2n[C T \r hh . +R s )r b , t 



where: 



C T = 



f JD \ 

1-3 



r 

V e J 



C u . + c. 



(1.65) 



1.83) 



1.6 Common Base Amplifier 

It is now worth investigating the common base amplifier where the base is 
grounded, the input is connected to the emitter and the output is connected to the 
collector. This is most easily shown using the T model as shown in Figure 1.13. 
The 7t model is included in Figure 1.14. 




Figure 1.13 T model for common base 
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Pi, 




B 



Figure 1.14 The n model for common base 



The input impedance at the emitter is: 



The voltage gain is therefore: 
You, _ fib Rl Rl 

Vin (0 + 1 \r e r 



d-87) 



( 1 . 88 ) 



Note that this is non-inverting. The current gain is: 



hut _ Ph 

hn (P + tyb 



(1.89) 



The major features of this type of circuit are: 

1 . The negligible feedback C. Further the grounded base also partially acts as 
a screen for any parasitic feedback. 

2. No current gain, so the amplifier gain can only be obtained through an 
increase in impedance from the input to the output. 

3. Low input resistance. 



4. 



High output impedance. 
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1.7 Cascode 

It is often useful to combine the features of the common emitter and common base 
modes of operation in a Cascode transistor configuration. This is shown in Figure 
1.15. 




There are a number of useful features about the Cascode: 



1. The capacitance between B and C is very low. Further as the base of Q 2 is 
grounded this acts as a screen to any parasitic components. 

2. The input impedance Z in at B of Q 2 is: 



1 25 

mA) 



(1.90) 



This is quite low. 

3. This means that the Miller effect on Qi is small. Further the voltage gain of 

Qi is: 



Yjl 

Va 



— o r — — 1 

o m e 



(1.91) 



as the current flowing in both transistors is the same. In fact this puts two 
times C h ’ C across the input of Qi when the Miller effect is included. 
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4. The input impedance at A of Qi is: 

Z,„ = — = (1 + P)r e = (1 + p (1.92) 

l b 1 mA 

5. The voltage gain is: 

— = -8 m R L =-— (1-93) 

Vin r e 

6. The current gain is (3. 



This device therefore offers the input impedance of a single transistor common 
emitter stage with an input capacitance of: 

C T = [(l+*,A)C, c +cj = [( 2 ]C, c +cj (1.94) 

but with very low feedback between the input and output typically of the order of 
20fF. A diagram of the typical biasing for a Cascode is shown in Figure 1.16. The 
important features here are the decoupling on the base of Q 2 to ensure a good AC 
ground and that the collector base voltage of should be sufficiently large to 
ensure low feedback capacitance. 




Figure 1.16 Cascode bias circuit 
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1.8 Large Signal Modelling - Harmonic and Third Order 
Intermodulation Distortion 

So far linear models have been presented and it has been shown how significant 
information can be obtained from simple algebraic analysis. Here the simple 
model, shown earlier in Figure 1.1b, will now be used to demonstrate large signal 
modelling of a bipolar transistor in both common emitter and differential mode. 
The harmonic and third order intermodulation products will be deduced. It will 
then be shown how differential circuits suppress even order terms such as the 
second and fourth harmonics. 

The simple model consists of a current controlled current source in the base 
collector region and a diode in the base emitter region. The distortion in the emitter 
current will be analysed. The collector current is then assumed to be al E where 
a = [5/(13 + 1). It will be assumed that the collector load circuit will not cause 
significant other products. This is a reasonable assumption for small voltage 
swings well away from collector saturation. 



1.8.1 Common Emitter Distortion 

Taking the transistor in common emitter mode and applying a DC bias and AC 
signal, the emitter current becomes: 



I E ~ I ES 



f r V BIAS +V sin cot^ ^ 



exp 



-1 



d-95) 



where V T = kT/e ~ 25mV at room temperature. Separating the DC bias and the AC 
signal components into separate terms [2]: 



E Es 



v D 



V T 



exp 



^ V sin ft# x 
V ^ J 



Es ~ Eco ex PI 



( V sin ox A 



Vr 



(1.96) 



where I DC0 is the quiescent current when there is no (or small) AC signal. If we 
expand the exponential term for the AC signals using the first four terms of the 
series expansion then: 
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I E I DCO 



( 


M 


1 / 


(v ) 


1 + 


— 


sina#+ yL 


— 


V 


[Vt) 


/2 


IM 



sin cot + 



(1.97) 



+ 



A v 



sin 3 cot + l 



24 






sin cot 



Expanding the higher order terms to obtain the harmonic frequencies gives: 



I E I DCO 



r 


f -1 


1 + 


v r 


V 


K T J 



sin cot + 



v 

\ T j 



1 -cos 2m 



+ 



+ 



f T. \ 



\ Vt j 



3 sin cot - sin 3 cot 



+ 



(1.98) 



f T 7 V 



+ 



24 



v 

K V T J 



1.5 - 2 cos 2 o# - 0.5008 4 ^ 



A 



(1.98) 



There are a number of features that can be seen directly from this equation: 

1. All the harmonics exist where, for example, the second harmonic is 
produced from the square law term. 

2. The even order terms produce even order harmonics and terms at DC so 
the DC bias increases with the signal amplitude. 

3. The odd order terms produce signals at the fundamental frequency as well 
as at the harmonic frequency so even if the harmonics are filtered out 
there is also non-linearity in the fundamental term. 

4. The distortion products are independent of quiescent current for small 
signal levels assuming that the emitter to collector transfer function is 
linear and V < V BIAS . 
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5. The DC term is therefore dependent on I DC0 , the second and fourth order 
terms: 



I E 1 DCO 



1 + 






+ 



64 






d-99) 



Note that this analysis is still an approximation because transistors are usually 
biased via resistors, which means that the assumptions produce errors as the signals 
increase. 

The signal distortion is usually quoted in terms of a ratio of the unwanted 
signal over the original input signal and therefore this equation should be 
normalised by dividing by V/V r The order of the amplitude term is therefore one 
order below the order of the distortion. Therefore the distortion products 
normalised to the fundamental frequency become: 



Fundamental 



+ 3rd order term — 

8 



V T 



( 1 . 100 ) 



1 V 

Second Harmonic COS 2COt 

4 v T 



+ 4th order term — 

48 



V 



V 



( 1 . 101 ) 



Third Harmonic 



1 

24 



A ^ 2 



sin Scot 



Fourth Harmonic 



1 

192 



v r 



cos 4 cot 



( 1 . 102 ) 



(1.103) 



1.8.2 Third Order Intermodulation Products 

Another common method for testing distortion in circuits is to apply two tones 
closely spaced apart and then to investigate terms which are produced close to 
these tones. By making these tones equal in amplitude the beat signal swings from 
0 to +2 times the voltage of each signal. This can therefore be used to test the 
circuit over its full dynamic range. It is known that distortion caused by the third 
order term produces in-band signals so let us investigate this by analysis. 
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Let the input signal be two sine waves of equal amplitude: 



c . c 

A — — sin COJ and R — — sin CQJ 
V T V T 



(1.104) 



As: 



(A + S) 3 = A 3 +B 3 + 3A 2 B + 3AB 7 



(1.105) 



f V 

e e 

— sin co.t H sin coj 

V V 

y v T y T j 



(1.106) 






(sin 3 ©j?+sin 3 co 2 t+ 3sin 2 (O y t sin co 2 t + 3sinco l t sin 2 a> 2 t ) (1.106) 



Expanding these terms produces (1.107): 

V 3 



Vt 



sin 3 ft)jl + sin 3 co 2 t + — [(l-cos 2ct)jf)sin co 2 t + (l-cos 2to 2 /)sin (O x t\ 



As: 



-cos2® 1 ?sin® 2 ?=3[sin(2ct) 1 -co 2 )t - sin(2<j) 1 + co 2 )t\ (1.108) 



and: 



-cos2fy 2 ?sin®/=3[sin(2® 2 -co^t - sin(2 co 2 + co^t] (1.109) 



the products caused by the third order terms are therefore: 




